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The recently reportecfl coexistence of a magnetic order, with the critical temperature Tm = 35 /J.K, 
and superconductivity, with the critical temperature Ts = 207 mK, in Auln2 is studied theoretically. 
It is shown that superconducting (S) electrons and localized nuclear magnetic moments (LM's) 
interact dominantly via the contact hyperfine (EX) interaction, giving rise to a spiral (or domain- 
like) magnetic order in superconducting phase. The electromagnetic interaction between LM's and 
S electrons is small compared to the EX one giving minor contribution to the formation of the 
oscillatory magnetic order. In clean samples (I > £o) of Auln2 the oscillatory magnetic order should 
produce a line of nodes in the quasiparticle spectrum of S electrons giving rise to the power law 
behavior. The critical field H C (T = 0) in the coexistence phase is reduced by factor two with respect 
to its bare value. 
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The problem of the coexistence of magnetic (M) or- 
der and superconductivity (S) is a long-standing one, 
which was first considered in 1956 theoretically by V. 
L. Ginzburgp, and then intensively discussed after the 
discovery of the ternary rare earth (JUS) compounds 
(RE)Rh 4 B 4 and (RE)Mo 6 X 8 (X=S,Se)ffl. In many of 
these compounds both ferromagnetic (F) and antiferro- 
magneti<j-IAF) orderings, which coexist with S, have been 
observedoa. It turns out that_S and AF orderings coexist 
in several of these compoundso usually down to T = K, 
while S and modified F (spiral) orderings coexist only in 
limited temperature interval in ErRIi4B4, HoMogSs and 
HoMo6Se8, due to their antagonistic characters^. A gen- 
eral theory of magnetic superconductors has been devel- 
oped in Refs. |||||7], where possibilities for the coexistence 
of S and spiral or domain-like magnetic order (which is 
the modified F order in the presence of superconduc- 
tivity) have been elaborated quantitatively by includ- 
ing the exchange and electromagnetic interaction of su- 
perconducting electrons and localized magnetic moments 
(LM'sL To the similar conclusion came also Blount and 
Varmaa by taking into account the electromagnetic in- 
teraction only. Note, that some heavy fermions UPt3, 
URri2Si2 etc. show the coexistence of the AF and S or- 
derings, while S and oscillatory M order coexist in quater- 
nary intermetallic compounds (RE)Ni2B2C, see Rcf. ^. 

However, until recently it was impossible to investigate 
the interplay of S and nuclear magnetic order, because of 
lack of suitable materials. Thanks to the pioneering work 
on superconductivity and magnetism aJj-u lira,- low tem- 
peratures by Pobel's group in G^manyEMii 2 ], as well as 
of Lounasmaa's one in FinlandEJo, at least two mate- 
rials were discovered where S and nuclear M order seem 
to coexist. The first one is metallic Rh, which is super- 
conducting at Ts — 325 /iK and whose nuclear moments 
might be ordered antiferromagnetically at T/v ~ 1 nK, 
see Refs. iL^JTrl There are also some hints on the AF 



order at negative nuclear temperature T n . Rh is an in- 
teresting system because of its rather large Korringa con- 
stant k(= TiT e ) < 10 s-K, where t\ is the spin-lattice re- 
laxation time and T e is the electronic temperature. Large 
k (or n) in Rh allows to achieve very low nuclear temper- 
atures T„ < T e , as well as a realization of negative T n . 
The problem of the competition of nuclear magnetism 
and S order in Rh will be studied elsewhere. 

A remarkable achievement in this field was recently 
done by Pobel's group by investigating Auln2, where the 
coexistence of the nuclear ferromagneliam and supercon- 
ductivity (T s = 207 mK) was foundE3,El below T M = 35 
/iK. Because of good thermal coupling of nuclear mag- 
netic moments to the conduction electrons in Auln2 (Ko- 
rringa constant k = 0.1 s-K) the experiments were per- 
formed in thermal equilibrium T n — T e down to T = 25 
/iK. It was also found that Auln2 is a type-I supercon- 
ductor with the bare critical field H c0 (T = 0) = 14.5 G, 
which would be in absence of the F ordering, while in its 
presence H C (T) is decreased, i.e. H c = 8.7 G at T = 25 
/iK. The latter result is a hint that S and F orderings 
might coexist in the bulk down to T = 0. 

In the following the coexistence of S and M order in 
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Auln2 is studied in the framework 
ory of magnetic superconductorsB 
tions between LM's and conduction electrons: a) via the 
direct hyperfine interaction - because of simplicity it is 
called the exchange (EX) one; b) via the dipolar mag- 
netic field B m (r) = 47rM(r), which is created by LM's, 
it is called electromagnetic (EM) interaction. The gen- 
eral Hamiltonian which describes conducting electrons 
and nuclei moments in Auln2 is given by 
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Here, e(p), A(r), A, J en (r) and V are the quasiparticle 
energy, the superconducting order parameter, the vector 
potential, the hyperfine contact coupling between elec- 
tronic spins a (Pauli matrices) and localized nuclear mo- 
ments (LM's) Ij and the electron-phonon coupling con- 
stant respectively. The first three terms in Eq. (1) de- 
scribe the superconducting mean-field Hamiltonian in the 
magnetic field B(r) = curlA(r) due to LM's and screen- 
ing current, while the term Hi mp describes the electron 
scattering (including also the spin-orbit one) on nonmag- 
netic impurities. The term — B(rj)<7 n /i„I, describes the 
dipole-dipole interaction of LM's, as well as their interac- 
tion with the magnetic field due to screening supercon- 
ducting current - see more below. H a {h) is (together 
with the dipole-dipole interaction) responsible for mag- 
netic anisotropy of LM's. In the case of Auln2, which 
is simple cubic crystal, its form is unknown - see dis- 
cussion below. Later we show that under experimen- 
tal conditions reported in Refs. |l], ^Q[ , pT| the ferromagnetic 
structure, which would be in absence of S order, is trans- 
formed in the presence of superconductivity into spiral 
(or domain-like) one - depending on magnetic anisotropy. 

A. The characteristic parameters of Auln2 

The magnetic critical temperature Tm=35 /iK is very 
small compared to Ts « 0.2 K, and it is much larger 
than the characteristic dipole-dipole temperature 6 e m(~ 
1 /^K), see below. This fact allows us to estimate 
the hyperfine contact interaction between electrons and 
LM's, which is characterized by the parameter h ex = 
Jen{0)n m I (Ij) I, where n m is the concentration of 
LM's. The indirect exchange energy (via conduction elec- 
trons) between the LM's of nuclei is characterized by the 
RKKY temperature Q ex = N{Q)h 2 ex /n m , where N(0) is 
the electronic density of states at the Fermi level The 
crystallographic structure gives n m « 3 x 10 22 cm" 3 . 
2V(Q) is obtained by knowing H c0 (T = 0) = 14.5 G, see 
Refs. HJT^, which gives N(0) « 0.64 x 10 34 erg^cm" 3 . 
Since 7m (=35 /iK) is predominantly due to the indirect 
exchange interaction between In nuclei moments one has 
Tm ~ Qex, which gives h ex 1 K. Note that one has 
h ex > A (~ 0.36 K), which gives rise to a gapless quasi- 
particle spectrum in S state below Tm in clean samples 
(I > £0) of Auln 2 , see below. 

The electromagnetic (EM) dipole-dipole interaction 
between LM's is characterized by em = 2irn m ^ 2 , where 
(i = g n ji n I, In case of the In nuclei in the Auln 2 cubic 
crystal one has /i ~ 5.5/t„, i.e. O em s» 1.2 /iK (<C Tm), 
which means that the dipole-dipole interaction does not 
contribute to Tm in Auln 2 . However, it makes the mag- 
netic structure transverse in S state, see below. 1—1 n 

From A (~ 1.76 T s ) and v F w 1.68 x 10 8 cm/sErO 
one gets £0 rffh 10 5 A, while from the resistivity 
measurementsa'til, where RRR=500, one obtains I w 
3.6 x 10 4 A. Accordingly, the spin-orbit scattering mean- 
free path is very large, i.e. l so > 3.6 x 10 4 A, because 



one always has l so > I. Note that I < £0 and the system 
is in the dirty (but not very dirty) limit. The London 
penetration depth Al w 200 A is estimated from H co 
and by knowing £0 and I, which means that Auln 2 is the 
type I superconductor at temperatures where S and M 
orderings coexist. ^From the above analysis we estimate 
the parameter (h ex T/h) 2 =0.1. It is small and dirty 
limit may be used to treat effect of exchange field on su- 
perconductivity. This simplifies the theoretical analysis 
given below. Here t = l/vp is the electron scattering 
time. 

B. Theoretical analysis of Auln 2 

It was shown in Refs. HHID] that when the elec- 
tron spin-orbit interaction is weak, i.e. when l so /l 3> 
(^F^oA 2 ) 2 ^ 3 ! there is a peak in the spin susceptibil- 
ity in the superconducting state at nonzero wave vec- 
tor Q. This means that in the superconducting state 
an oscillatory magnetic order is more favorable than 
the F one. In Auln 2 one has /cp = 1.45A -1 and thus 
the condition for an oscillatory magnetic order is l so 
3> 10~ 2 L Since by definition l so > I we see that the 
spin-orbit interaction does not play any role in the for- 
mation of the magnetic structure in the coexistence phase 
of Auln 2 . The magnetic order can be a spiral or domain- 
like one, depending on the magnetic anisotropy, see be- 
low. The problem is now reduced to the study of elec- 
trons moving in an oscillatory (with the wave vector 
Q) exchange and magnetic field h ea; (R) = h ex S(R,), 
B(R) = curlA(R) respectively. By using the Eilen- 
berger equations for the normal g u (y, R) and anomalous 
/ w (v, R) electronic Green's function, where the super- 
conducting order parameter A(R) is a solution of the self- 
consistency equation A(R) = 27r</^ w J dnf^ (R, n)/47r 
(g = N(Q)V is the electron-phonon coupling constant) 
one obtains the free-energy functional of the system 
Fsm{A, Sq, Q}. It may be presented as a sum of mag- 
netic (Tm), superconducting (Fg) and interacting (Ti nt ) 
parts, i.e. T 5M {A,S(R)} = F S {A} + F M {S Q ,Q} + 
F int {A, Sq, Q}). By assuming that: a) irE s /F int > 1, 
E s = A(0)A 2 /2n m - this is indeed fulfilled in Auln 2 , 
where irEs/Fi nt ~ 100, and b) the Fermi surface is 
isotropic - it is also fulfilled in Auln 2 , one gets the free- 
energy F S M 



T s {A} = -iA(0)A 2 ln^, 
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Here the terms Ff£ t and F^ in Eq. (2) describe the ex- 
change EX and EM interaction of superconducting elec- 
trons with LM's respectively. F?* t , and Fm depend on 
h ex , Sq, I, £0 etc. We consider only those cases which 
might be important for the physics of Auln 2 . 

1. Dirty case (I < £o)- This case is realized in Auln 2 as 
reported in Refs. HUH], where I w 3.6 xlO 4 A and £ « 10 5 
A. Immediately below the magnetic critical temperature 
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Tm = 35 /iK the magnetization is small and Fm has the 
form 

Fm = ^2{-®exXm(Q)[\ Sq,x I 2 + I Sqj I 2 ] 
Q 

+9 em I S Q ,n | 2 } + F + F Q (3) 

where Q-Sq = QS QAl andx^^Q) = (T-G ex )/e ex + 
Q 2 /12k F . Here, kp = 1.45 A -1 is the Fermi wave vector. 
The isotropic term F {Sq} (per LM) describes higher 
order terms in Sq, while F a (per LM) describes magnetic 
anisotropy of the system, see discussion below. 

Since the sample of Auln2 is in dirty limittl - it holds 
also Ql ;» 1, see below, {h ex T/K) 2 « 0.1 <C 1, the 
mean- free path drops out from the term F^ t in Eq. (2). 
Since we consider the spiral (helical) structure with the 
amplitude Sq, which contains only one harmonic Q. 
Then the sum over Q in Eqs. (2), (3) drops out and 
one obtains Ff* t — ttA ■ SQ® ex /2vFQ- By minimiz- 
ing Fsm{A, Sq, Q} with respect to A, Sq and Q one 
gets the spiral magnetic structure at T very near Tm 
with the wave vector Q s = {3irkp/^ Q ) 1 / 3 w 5 x 1CT 2 
A~ x and the period is L$ = 2n/Qs ~ 120 A - see 
Fig.la. Note, one has Qsl ~ 10 3 , i.e. the required 
theoretical condition Ql 3> 1 is fulfilled in Autri2. In 
this case the EM interaction in Eq. (2) is negligible, 
i.e. Fffi/Ffft « (O em /e ex A 2 Q 2 ) < 10- 2 and the spiral 
magnetic structure is due to the effective EX interaction 
between electrons and LM's (of In nuclei) mainly. How- 
ever, the magnetic dipole-dipole interaction between In 
nuclei, although small (0 em <C O e x), makes the structure 
transverse (Q • Sq = 0) due to the term <d em | Sq || 2 in 
Eq. (3). 

On cooling, Sq grows and higher order terms of Sq 
must be included in Fm as well as magnetic anisotropy 
F a . However, in Auln2, which is simple cubic structure, 
only higher order terms contribute to F a (per LM), i.e. 
F a = D{St + S* + S^). One expects that D < O em 
(or more realistic D <C ©em, see below). However, if 
D fulfills the condition {D/Q ex f/ A > 0.25(fc F £ )~ 1/2 
(one should have D/<d ex > 10~ 3 in the case of Aulns) 
the spiral structure is transformed into_a, striped one- 
dimensional transverse domain structuretm - see Fig.lb. 
The condition on D means that the domain-wall thick- 
ness should be much smaller than the period of the do- 
main structure. The magnetic energy (per LM's) in 
the case of the domain magnetic structure is given by 
F M = F (S 2 q) ~ Q ex S 2 Q + V (S 2 Q ,T)Q/n, where F (S 2 Q ) 

contains terms of higher order in Sq. Here 77 = fc^S^S'g 
is the surface energy of the domain wall, and 0,„ ks 
0.58(O e:E -D) 1 / 2 in the case of rotating Bloch wall (where 
D <C Oer). The wave vector of the domain structure 
Qd, obtained by minimizing F$m, a t T <C Tm is given 
by Qd ~ 2(6 ea; /© u ,fc_F^o) 1 ^ 2 - Note, the wave vector 
of the domain structure Qd is smaller than Qs for the 
spiral. Because of the simple cubic structure of Auln2 
it is more probable that D/Q ex < 10 -3 than opposite, 



which means that Auln2 is the strong candidate to be the 
first system where superconductivity coexists with spiral 
magnetic order down to T — 0, see below. Namely, it 
turns out that at T = the magnetic energy per LM is 
Fm ~ —©ex = — 35 /iK, while the superconducting en- 
ergy per LM is F$ ~ —4 /iK. However, the interaction 
energy (per LM) is very small, Fi nt <C 10 -2 /iK. This 
result means that even at T — the loss of energy due to 
the interaction, Fi nt , is much smaller than the gain due 
to the condensation energy F§, i.e. Fs + F int ~ Fs < 0, 
and the oscillatory magnetic structure and S order coex- 
ist in AuLi2 down to T = 0. 



s 




FIG. 1. (a) The spiral magnetic structure S(x), with the 
period Ls in the superconducting phase for small anisotropy 
D/Q ex < 10 -3 . (b) The domain-like magnetic structure S(x), 
with the period Ld in the superconducting phase for appre- 
ciable anisotropy D/Q ex > 10 -3 . 

2. Clean limit (I > £0) . The present experiments were 
performed on dirty (but not very dirty) Auln 2 sam- 
ples, where I < £o- In that case the motion of Cooper 
pairs in the coexistence phase is diffusive and there is 
an isotropization of the quasiparticle spectrum. This 
means that the oscillatory magnetic structure acts like 
magnetic impurities - for similarity and differences of 
effects of magnetic impurities and the oscillatory mag- 
netic structure see Ref. [j| However, it would be inter- 
esting to perform experiments on clean Auln 2 samples 
with I > £0 ~ for instance on samples with a residual 
resistivity ratio RRR> 1500. Namely, it was shown in 
Refs. |[0 that the oscillatory magnetic order in clean su- 
perconductors can give rise to the gapless quasiparticle 
spectrum with nodes on a line at the Fermi surface if 
h ex > Aq. This is just the case in Auln 2 , where h ex » 1 
K and Ao w 0.36 K. In the clean limit the quasiparti- 
cle motion is anisotropic in the presence of an oscilla- 
tory magnetic structure with the wave vector Q, and the 
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quasiparticle energy vanishes on lines at the Fermi sur- 
face given by vp ■ Q = if h(T) — h ex SQ{T) > A , see 
Ref. ||. In this case the density of states for E < Aq 
is N S (E) = N(0){nEh/A o v F Q d )\n(4:Ao/TrE) for the do- 
main structure and N S (E) = N(0)(nEh/A o vpQd) for 
the spiral one. N S (E) can be experimentally obtained 
by measuring voltage dependence of the tunneling con- 
ductivity in the S-N junction with Aulri2 being in the 
coexistence phase. 

C. Effect of magnetic field 

Because of very small interaction energy one expects 
that the critical field H C (T) does not vanish down to T — 
0. Indeed, equating Gibbs energy for superconducting 
state and that of normal ferromagnetic state one gets 

F s + F M + F mt = F M - ^ - M ■ H C) (4) 

and if one defines H SM = [&ir(F M - F M - F s - F mf )] 1/2 

H c = ^H 2 m + (AttM ) 2 - 4nM. (5) 

At T C Tm the magnetization M is saturated, i.e. 
M k M = 5.5n m /i„. Because F int <C Fs,Fm one 
has small difference in magnetic energy of oscillatory 
state, Fm and that of ferromagnetic state, F M . As re- 
sult, H SM ~ H c0 {0) = [8n(-F°)}^ 2 . The experimental 
valued are H c0 (0) w 14.5 G and 4ttM w 11 Grwhich 
gives H c (0) w 7 G. It was found experimentally^ that 
H c » 8.7 G at T = 25 /xK, and thus our estimate is rea- 
sonable. Nonzero value of H c (0) in Auln2 is in a contrast 
to the case of magnetic type II superconductors ErRh 4 B 4 
and HoMoeSg, where H C (T) tends to zero [as well as 
H C 2(T)\ at T — > Tm, because in these compounds one has 
Fint ~ \Fn — Fg\ near some temperature T$2 < Tm- At 
T > Tm one obtains H c — H®/(1 + 4:1txm) hi absence of 
demagnetization effects, where Xm(T) = Q em /(T — Q ex ) 
and Q em = Q em /6n. The change of the slope of H C (T) 
takes place at T very near Tm ■ The experimental broad- 
ening of the transition in the magnetic field can be 
due to the polycrystalinity of the sample, where even 
small magnetic anisotropy of the crystallites can produce 
percolatiop.like broadened resistive transition in mag- 
netic fieldHB. 

In conclusion, we found, that superconductivity co- 
exists with a domain-like magnetic structure if the 
anisotropy parameter D is not too small, i.e. D/@ ex > 
1CT 3 . We estimate the period L D rj 300 A for D ~ 1 
fiK. In the opposite case, D/Q ex < 10 -3 , the magnetic 
structure is spiral with the period L$ ~ 120 A. The real- 
ization of the spiral structure in Auln2 is more probable 
due to the simple cubic structure of this compound and 
accordingly due to small magnetic anisotropy. 

It is also proposed that in the case of very clean 
Auln2 samples with RRR> 1500 there is a line, given 
by Vp ■ Q = 0, at the Fermi surface with nodes in the 
quasiparticle spectrum in the coexistence phase. It would 



be interesting to study this regime experimentally, be- 
cause in that case thermodynamic and transport proper- 
ties show power law behavior. 

We would like to devote this paper to the pioneer 
in the field of magnetic superconductors Vitalii Lazare- 
vich Ginzburg on the occasion of his 80-th aniversary. 
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